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This work combines experimental measurements and process simulation on the deterpenation of bergamot
essential oil using ionic liquids as solvents. Partition coefficients for different key components of citrus essential
oils between 1,3-dialkylimidazolium acetates and limonene (the major terpene component in most citrus
essential oils) were measured, showing that some key terpenoids, such as ester derivatives, are difficult to
extract. Then, deterpenation of bergamot essential oil (rich in an ester terpenoid) was investigated using 1-ethyl-
3-methylimidazolium acetate ([Comim][OAc]). Liquid-liquid equilibrium data at 298.2 K were measured for the
ternary systems containing two of the most representative bergamot essential oil constituents (limonene, linalool,
linalyl acetate) and [Comim][OAc] as solvent. The experimental data were successfully correlated using the non-
random two-liquid model, providing binary interaction parameters for reliable process simulation in Aspen
Plus®. Both experiments and simulations demonstrate that [Comim][OAc] provides an efficient separation of
linalool from limonene, while recovery of linalyl acetate is limited. Optimal performance was achieved with a
solvent-to-feed ratio of 1 and two equilibrium stages, maximising the purity of the deterpenated oil in the extract
and the recovery of terpenoids. The simulations show good agreement with experimental extractions carried out
using both synthetic and commercial bergamot essential oils. Overall, the study highlights both the potential and
limitations of [Comim][OAc] for efficient citrus essential oil valorisation, providing robust and valuable insights
for process optimisation.

1. Introduction 90-95% (Arce and Soto, 2008; Gonzalez-Mas et al., 2019; Negro et al.,
2016). The instability of terpenes when exposed to heat, light and/or
oxygen limits the shelf-life of the essential oil (Tiirkmenoglu and Ozmen,

2023). The process of removing the terpenes from the essential oils and

Citrus essential oils are high value-added products widely used in the
flavour and fragrance industry as a key source of a fruity and fresh

aroma. Nowadays, a prime area of research is devoted to the valorisation
of citrus wastes for obtaining essential oils and other products (Kim
et al., 2022; Sharma et al., 2022) in the framework of the circular
economy and the zero-waste concepts. Processes devoted to the total
transformation of citrus wastes into added-value components have been
gaining attention (Negro et al., 2016). Citrus essential oils are rich in
terpenes, namely limonene, which in many cases accounts for up to
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thus concentrating the oxygenated terpenoids is referred to as deterpe-
nation (Arce and Soto, 2008; Tiirkmenoglu and Ozmen, 2023), with the
aim of stabilising the organoleptic properties of the oils. In most works
on citrus oil deterpenation, the complexity of the multi-component na-
ture of the essential oil is typically overcome by reducing the deterpe-
nation problem to the separation of two key ingredients, limonene and
linalool, as representatives of the terpenes and oxygenated terpenoids
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present in the oil (Ganem et al., 2020a; Chen et al., 2021; Han et al.,
2024). While this simplification is valuable as a first approximation to
the problem, the large variety of oxygenated terpenoids and their very
different chemical properties raise a new issue from such simplification:
What is the effect of the proposed deterpenation on the other (valuable!)
oxygenated terpenoids? Few articles investigate the effect, considering
the variety of oxygenated terpenoids that may be present (Budich et al.,
1999; Danielski et al., 2008; Owusu-Yaw et al., 1986; Reverchon et al.,
1998; Stuart et al., 2001).

Citrus bergamia, commonly known as bergamot orange, is a plant of
the Rutaceae family, and is considered a hybrid between bitter orange
and lemon (Navarra et al., 2015). The bergamot essential oil (BEO) is
obtained by rasping and cold-pressing the fruit peel (Navarra et al.,
2015; Sawamura et al., 2006; Shaw, 1979). This BEO is widely used in
perfume, cosmetics, and food industries due to its unique aromatic
profile and bioactive properties (Navarra et al., 2015; Rodilla et al.,
2024). The BEO is a complex mixture of volatile compounds, including
monoterpenes (e.g., limonene, linalool, and linalyl acetate), and non-
volatile components such as coumarins and furanocoumarins (Bozova
et al., 2024; Cordeiro et al., 2023). However, this essential oil is
particularly important due to its characteristic composition: Major
components are limonene (30-45% w/w), linalyl acetate (22-36% w/
w), and linalool (3-15% w/w) (Eleni et al., 2009; Kirbaslar et al., 2000;
Sawamura et al., 2006; Shaw, 1979). This represents a much lower
content in terpenes and much larger content in oxygenated terpenoids
than any other citrus oil, and it is the reason for its value in the flavour
and fragrance industry (Arce and Soto, 2008; Gonzalez-Mas et al.,
2019). Some authors report broader ranges, such as 27-52% w/w for
limonene, 17-40% w/w for linalyl acetate, and 1.7-20.6% w/w for
linalool, depending on the source and extraction method (Dosoky and
Setzer, 2018; Moufida and Marzouk, 2003). This makes this essential oil
a good option to investigate alternative solvents for the fractionation of
citrus essential oils.

Due to its relevance in the flavour and fragrance industry, deterpe-
nation of BEO has been investigated in the past using different deter-
penation techniques, including solvent extraction (Chiyoda et al., 2011),
inclusion (Fantin et al., 2010), or supercritical extraction (Reverchon
and Iacuzio, 1997). Conventional methods for deterpenation of essen-
tial oils, such as vacuum distillation and liquid-liquid extraction, have
some drawbacks, including high energy consumption and low purity of
the oxygenated compounds (Stuart et al., 2001). A key factor in lig-
uid-liquid extraction is the selection of the solvent: chemicals such as
glycerol, ethanol, acetone, and ethyl acetate have been extensively
studied in the past (Arce and Soto, 2008). However, some of these
traditional solvents present a range of undesirable features, often being
rather volatile, flammable, and/or toxic (Anastas and Zimmerman,
2007; Poole, 2004). Ionic liquids may constitute an interesting alter-
native leading to more sustainable deterpenation processes, thanks to
their unique solvation properties (as they are integrally configured by
ions), a negligible volatility (minimising losses by vaporisation of the
solvent, while also avoiding atmospheric pollution and improving the
safety of workers), and the ability to tailor their properties to a
reasonable extent towards a particular application by judiciously
selecting and combining their constitutive ions (Hussain et al., 2023;
Khan et al., 2023; Vilas-Boas et al., 2021). Thus, over the last years, ionic
liquids have been investigated as mass separating agents for a wide
variety of applications, including deterpenation processes (Ganem et al.,
2020a; Lago et al., 2011, 2014; Martins et al., 2016; Vilas-Boas et al.,
2021, 2024; Zambom et al., 2023).

In previous works (Ganem et al., 2020a, 2020b; Lago et al., 2011,
2014; Vilas-Boas et al., 2024), some imidazolium-based ionic liquids
were investigated to perform the deterpenation of citrus essential oil,
particularly through the separation of limonene from linalool, and some
promising results were found for the case of ionic liquids containing the
acetate anion; which, in addition to being commercially available,
extend their liquid range far below the typical temperatures for solvent
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extraction operations and have a favourable toxicological profile. The
integration of experimental data with process simulation allows opti-
misation and scalability assessments. The use of thermodynamic models
such as the non-random two-liquid (NRTL) model (Renon and Prausnitz,
1968) has proved effective in satisfactorily correlating phase distribu-
tion in ionic liquid-based systems, including those connected with
deterpenation, thus facilitating a trustworthy simulation of extraction
processes via the implementation of binary interaction parameters
leading to a good description of the experimental liquid-liquid and
vapour-liquid equilibria (Ganem et al., 2020a, 2020b; Lago et al., 2011,
2014; Vilas-Boas et al., 2024).

In this work, the partition coefficients of several key components of
citrus essential oils (linalool, citral, pinene, among others) between the
main terpene of the essential oil (limonene) and a 1-alkyl-3-methylimi-
dazolium acetate (with the side alkyl chain being ethyl or hexyl) were
initially measured. The selection of these two ionic liquids was intended
for investigation of the variability of the balance between the ability to
establish hydrogen bonding interactions with polar compounds via the
basic acetate anion and the ability to establish van der Waals in-
teractions with the oil components via the alkyl substituent chains. The
partitioning values give preliminary insights into the potential efficacy
of the deterpenation process by solvent extraction. Based on these par-
titioning results, the deterpenation of BEO (a representative example of
citrus essential oil with significant percentage of terpenoids) using these
ionic liquids was investigated. For that purpose, the liquid-liquid
equilibria of the ternary systems limonene + linalyl acetate + 1-ethyl-3-
methylimidazolium acetate ([Comim][OAc]) and linalyl acetate +
linalool + [Comim][OAc] were determined at atmospheric pressure and
298.2 K, due to their relevance in the context of the BEO deterpenation:
limonene, linalool, and linalyl acetate account for approximately 80% of
the total composition of commercial BEO. The generated data sets for
the measured liquid-liquid equilibria, together with those taken from
the literature for limonene + linalool + [Comim][OAc] (Lago et al.,
2014), were correlated with the NRTL model. The resulting binary
interaction parameters were implemented in the commercial software
Aspen Plus® V.14 to reliably simulate the continuous deterpenation of
BEO by solvent extraction using [Comim][OAc]. Besides, the simulation
results were also compared with the experimental one-pot deterpenation
of synthetic (proportionate mixture of limonene, linalyl acetate, and
linalool) and commercial BEO.

2. Materials and methods
2.1. Chemicals

(R)-(+)-Limonene (97%), linalool (97%), geranyl acetate (97%),
linalyl acetate (97%), 1-octanal (99%), citral (96%), p-pinene (99%),
and ethanol (99.9%) were supplied by Sigma-Aldrich. y-Terpinene
(95%) was supplied by Sigma. All these chemicals were used without
further purification. The ionic liquids 1-ethyl-3-methylimidazolium ac-
etate ([Comim][OAc]) and 1-hexyl-3-methylimidazolium acetate
([Cemim][OAc]) were purchased from Iolitec with nominal purity >
95%. Both ionic liquids were dried under high vacuum (absolute pres-
sure: ca. 1 Pa) with continuous magnetic stirring at ca. 343 K, for at least
48 h to obtain a water content < 3000 ppm (measured by Karl Fischer
titration on a Metrohm 899 coulometer). After the drying procedure,
samples of the purified ionic liquids were analysed by 'H NMR spec-
troscopy, evidencing the preservation of the expected chemical identi-
ties and the absence of any organic impurities in relevant levels.

Commercial bergamot essential oil (with the following certified
composition: linalyl acetate 27.7%, limonene 39.6%, linalool 11.5%,
citral 0.29%) was purchased from Aroma Labs and used as received.
Perdeuterated dimethylsulfoxide (DMSO-dg), supplied by Aldrich with a
deuteration level of 99.9 atom %D, was used in the preparation of
samples for 'H NMR spectroscopy analysis.
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2.2. Partitioning experiments

Jacketed glass cells, especially designed for sampling liquid phases in
equilibrium without disturbing the liquid-liquid interface, were used in
the experiments to determine partition coefficients and liquid-liquid
equilibrium tie-lines of ternary systems. The content of the cell was kept
at constant temperature (with uncertainty of 0.1 K) by circulating water
from a Selecta UltraTerm 6000383 thermostatic bath connected to the
cell jacket. Magnetic stirring was used to vigorously mix the mixture
inside the cell for at least 2 h to attain phase equilibrium, followed by a
settling period of at least 5 h for complete phase separation of the
equilibrated samples by gravity. Samples from each phase were
collected using syringes with coupled needles, and subsequently sub-
jected to compositional analysis, as discussed in the following para-
graphs. All necessary weighing was carried out in a Mettler Toledo T261
analytical balance with an uncertainty of 107 g.

The partition coefficient, K;, for a given solute i in a liquid-liquid
system is defined as the ratio between its concentration in the extract
(solvent-rich) phase and its concentration in the raffinate (solvent-poor)
phase when the solute is at infinite dilution. In this work, partition co-
efficients for several typical components of citrus essential oils were
experimentally investigated between a limonene phase and an ionic
liquid (either [Comim][OAc] or [Cemim][OAc]) phase. In particular, the
selected solutes included: terpenes such as B-pinene and y-terpinene; an
alcohol such as linalool; aldehydes such as 1-octanal and citral; and an
ester such as geranyl acetate. Limonene and the ionic liquid (10-20 mL
each) were mixed in the setup described above. A small amount of the
solute was added, and the mixture was stirred, allowed to settle, and
sampled as previously described. Each phase was diluted 3-fold with
ethanol and then analysed by gas chromatography on an Agilent 6890 N
Series gas chromatograph equipped with a flame ionisation detector, a
capillary column HP-5 (30 m x 0.32 mm x 0.25 pm), and an empty
precolumn to protect the column and collect the ionic liquid that could
not be retained by the liner. Helium was used as the mobile phase. The
injection volume was 1 pL, and the split ratio 50:1. The detector and
injector temperatures were 523.2 K. For analysis of citral and geranyl
acetate samples, a column flow of 0.6 mL/min was used, and the oven
temperature was kept at 443.2 K for 10 min, and then increased at a rate
of 60 K/min up to 513.2 K, which was kept for 1 min. For analysis of all
other samples, a column flow of 0.8 mL/min was used, and the oven
temperature was kept at 363.2 K for 13.5 min, and then increased at a
rate of 60 K/min up to 513.2 K, which was kept for 1 min. Since both
phases were analysed using the same chromatographic method, no
calibration was needed, and the partition coefficients were obtained
directly from the integrated areas under the solute peaks in the chro-
matograms, corrected with the corresponding dilution factors (DF)
applied to each phase:

K — Xf:xml“ B ( Areai~DF)Em““ )
i= x}i{ufﬁnate o - (Areai‘DF)Rafﬁnate ( )

where x; refers to the mole fraction of the solute i, and “Extract’ and
“Raffinate” refer to the ionic liquid-rich phase and the limonene-rich
phase, respectively. To guarantee infinite dilution conditions, experi-
ments were repeated with increased amounts of solute, ensuring that a
plot of the numerator against the denominator on the right-hand side of
Equation (1) could be adequately fitted with a straight line. The corre-
sponding partition coefficient was determined as the slope of the straight
line.

2.3. Liquid-liquid equilibria of ternary systems

To obtain the liquid-liquid equilibrium (LLE) data sets, an initial
approximation to the solubility curves of the ternary systems was
determined at 298.2 K via the cloud-point method using thermostated
glass cells. Then, different mixtures of the corresponding components,
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with global composition within the heterogeneous region, were pre-
pared for each ternary system in the experimental setup described
above, and the equilibrium glass cells were capped to prevent losses due
to evaporation or moisture uptake. The experiments were carried out in
an analogous manner to those already described in Section 2.2 for the
determination of partition coefficients. The samples taken from the
phases in equilibrium were dissolved in DMSO-dg into NMR tubes, and
subjected to compositional analysis by 'H NMR spectroscopy in a 7.04 T
Varian Mercury 300 spectrometer (300 MHz for Bii resonance) with a
relaxation time of 30 s to ensure good quantitative correspondence be-
tween the areas under the peaks in the spectra and the relative con-
centration of hydrogen atoms responsible for the generation of the
peaks. This technique has already been successfully used by our group
and others for systems involving ionic liquids (Lago et al., 2011, Lago
et al., 2014). For each ternary system, several homogeneous samples
with composition in the vicinity of the solubility curve (both in the
raffinate side and in the extract side) were prepared by weight, and they
were analysed in an analogous manner through 'H NMR spectroscopy.
By selecting the sets of peaks indicated in Fig. S1 in the Supplementary
Information, the maximum uncertainty, for any of the studied systems,
in the calculated compositions obtained by the spectroscopic method
was minimised and estimated at 0.017 for the organic-rich (top) phase
and 0.020 for the ionic liquid-rich (bottom) phase. These sets of peaks
were therefore systematically used for the determination of the com-
positions of the tie-line ends in the liquid-liquid equilibrium experi-
ments. Moreover, this compositional analysis technique allowed
confirmation of the preservation of the chemical identity of the different
compounds (no degradation observed) during the liquid-liquid equi-
librium experiments.

2.4. Thermodynamic modelling

The ternary systems studied herein are subsystems of the quaternary
system constituted by limonene, linalool, linalyl acetate, and [Comim]
[OAc] (all the components involved in the deterpenation experiments).
The NRTL model was used to simultaneously correlate the liquid-liquid
equilibrium data determined in this work for two ternary subsystems
and the analogous data for the third subsystem showing immiscibility
and available in the literature (Lago et al., 2014). The binary interaction
parameters were determined following the methodology by S¢rensen
and Arlt (1980) that uses two objective functions: the first, Fg, is based
on activities and does not require prior knowledge of any parameters;
the second, Fj, is based on compositions and uses the parameters ob-
tained from the convergence of F, as initial estimates to improve the fit
to the experimental concentrations. The expressions for F, and F, are as
follows:

Fo=Y"S"[(ak — k) /(dy +d)]* + Q3P @
k i n

Fy =Y minY >~ (xu — %)+ QY _P3 ®)
k i j n

where a represents the activity, x is the mole fraction, and “min” refers
to a minimum obtained using the Nelder-Mead method. The symbol *
indicates a calculated value. Superscripts I and II correspond to the
equilibrium phases, while subscripts i, j, and k refer to the components,
phases, and tie-lines, respectively. Both functions include an empirical
constant Q in the second term on the right-hand side of the equations to
reduce the risk of multiple solutions associated with large parameter
values. Finally, P, represents the n adjustable binary interaction pa-
rameters. Sgrensen’s recommended values of 10 in Equation (2) and
101 in Equation (3) were used for Q (Sgrensen and Arlt, 1980). The
non-randomness parameter of the NRTL model, a, was set at three
different fixed values: 0.10, 0.20, and 0.30. The quality of the correla-
tions was evaluated using the residual function F:
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where M is the total number of tie-lines, and all other variables and
symbols have already been defined. The software used was the original
FORTRAN program described in the DECHEMA Chemistry Data Series
by Sgrensen and Arlt (1980).

2.5. Process simulation

The simulation of the deterpenation process of essential oil in an
extraction column was carried out using the commercial software Aspen
Plus® V.14. A schematic flowsheet of the process is shown in Fig. 1. The
feed stream consisted of 1000 kg/h of synthetic BEO, formulated as a
ternary mixture containing 45% limonene, 20% linalool, and 35%
linalyl acetate (Bozova et al., 2024; Eleni et al., 2009; Gioffre et al.,
2020; Moufida and Marzouk, 2003; Navarra et al., 2015; Sawamura
et al., 2006; Shaw, 1979), at 298.2 K and 101.32 kPa. This composition
corresponded to the synthetic BEO used in the experimental deterpe-
nation assays. Pure [Comim][OAc] was employed as the extraction
solvent and was defined in the software as a user-specified component
using the physicochemical properties listed in Table S1 of the
Supplementary Information. The NRTL thermodynamic model, para-
metrised with values obtained from the correlation of experimental
data, was selected for the simulations. The extraction column was
modelled using the EXTRACT module in Aspen Plus®. The number of
stages (N) and the solvent to BEO feed mass flow rate ratio (S/F) were
chosen as the key variables under study due to their significant impact
on the extraction performance and on the purity of the resulting
deterpenated essential oil.

2.6. Deterpenation experiments

The effectiveness of the ionic liquid [Comim][OAc] as an extraction
solvent for BEO deterpenation was evaluated through a series of
extraction experiments performed using both a synthetic and a
commercially available BEO. The synthetic BEO was formulated using a
representative mixture of its three main components: 45% limonene,
35% linalyl acetate, and 20% linalool (Bozova et al., 2024; Gioffre et al.,
2020; Navarra et al., 2015). Extractions were carried out at different
BEO/ionic liquid mass ratios (S/F = 1:0.5, 1:1, and 1:2), using ther-
mostated jacketed glass cells at 298.2 K and following the procedure
previously described. After equilibration and phase separation of the
BEO/ionic liquid mixture, samples were collected for 'H NMR analysis.
The composition of each phase was determined using the same peaks of
the 'H NMR spectral peaks employed for tie-line determination in the

S, [C,mim][OAc] R. Raffinate
X kg/h R
b
g
§ T=298.15K
Z | p=101.32kPa
Wiimonene — 0.45 3
Wiinalool = 0.20 a
Wlinulyl acetate 0.35 )
F, model BEO
1000 kg/h s
E, Extract

Fig. 1. Schematic flowsheet used in Aspen Plus® for the simulation of the
deterpenation of synthetic BEO in a liquid-liquid extraction column using the
ionic liquid [Comim][OAc] as solvent.
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liquid-liquid equilibrium experiments.
3. Results and discussion
3.1. Partitioning experiments

The partition coefficients of linalool, 1-octanal, citral, geranyl ace-
tate, f-pinene, and y-terpinene between the ionic liquid solvent (either
[Comim][OAc] or [Cemim][OAc]) and limonene, obtained experimen-
tally at 298.2 K and atmospheric pressure, are presented in Table 1.
Partition coefficients for linalool and 1-octanal with both ionic liquids
could not be quantified because the concentration in the limonene phase
(raffinate) was below the detection limit. Similarly, the partition coef-
ficient for y-terpinene in [Comim][OAc] could not be quantified because
the concentration in the extract was below the detection limit. In all
other cases, the partition coefficients could be quantified as plotted in
Fig. 2: concentrations in the extract and raffinate phases are propor-
tional to the product of the chromatographic area and the phase dilution
factor (see Equation (1)). The partition coefficients are obtained from
the slope of the linear regression in each plot, showing very good
quality, with an average coefficient of determination R? = 0.99 and an
average standard error of 7%.

The results obtained show that the alcohol and aldehyde terpenoids
(linalool, 1-octanal, and citral) are preferentially extracted into the ionic
liquids, with K > 1 in all cases. As expected, other terpenes (f-pinene,
y-terpinene) are not extracted (K < 1). The ester geranyl acetate is also
poorly extracted. This is clear in Fig. 2, where citral datapoints are above
the line y = x (K > 1) while geranyl acetate, p-pinene, and y-terpinene
are all below the line y = x (K < 1). Besides, a comparison of the results
for the two ionic liquids shows that short alkyl substituents in the imi-
dazolium ring increase the difference between partition coefficients
above and below unity (due to the ability to establish hydrogen bond
interactions with the more polar terpenoids via the anion, and the
absence of significantly lipophilic moieties in the structure of the cation
to promote general interaction with the hydrophobic terpenes and ter-
penoids), increasing citral partition coefficient but reducing those of
geranyl acetate, pinene and terpinene. On the other hand, the longer
alkyl substituent (introducing a higher lipophilic character in the cation)
reduces the differences between citral and geranyl acetate. Thus, it is
reasonable to assume that alcohol and aldehyde terpenoids will be
extracted in the deterpenation process with these ionic liquids, but esters
such as geranyl acetate will not, and thus they will remain in the raffi-
nate and be lost. The loss of terpenoids will be reflected in the organo-
leptic properties of the essential oil, which must be considered in the
selection of deterpenation alternatives. In making a selection of ionic
liquid for the following experiments (deterpenation of bergamot essen-
tial oil), [Comim][OAc] was chosen, giving preference to the better ca-
pacity for separation of terpenes and terpenoids (selectivity), despite the
larger loss of terpenoids in the raffinate phase; and also considering that
ionic liquids with shorter alkyl chains typically exhibit lower cytotox-
icity and higher biodegradability than their longer-chain analogues

Table 1

Partition coefficients of key citrus essential oil components between a 1-alkyl-3-
methylimidazolium acetate (either [Comim][OAc] or [Cemim][OAc]) and
limonene.

Compound Tonic liquid

[Comim][OAc] [Cemim][OAc]
Linalool >50 * >50 *
1-Octanal >50 * >50 *
Citral 4.0+ 0.5 3.6 £0.3
Geranyl acetate 0.016 + 0.001 0.061 + 0.003
p-Pinene 0.0106 + 0.0007 0.065 + 0.005
y-Terpinene <0.01 * 0.041 + 0.002

* According to the detection limits of the experimental method.
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(Area- DF)Extract : 10-4

(Area ' DF) Raffinate ~ 1 0-4

Fig. 2. Plot of numerator versus denominator of Equation (1) for obtaining the partition coefficients (K) of the BEO components between the 1-alkyl-3-methylimi-
dazolium acetate ([Comim][OAc] (circles) or [Comim][OAc] (triangles)) and limonene, at 298.2 K. The partition coefficient in each case corresponds to the slope of

the linear regression (dotted line). The solid black line corresponds to y = x (i.e., K = 1), and “DF” in the axis labels stands for “dilution factor”. Colour legend: .

citral, . geranyl acetate, . B-pinene, and . y-terpinene.

(Atamas et al., 2026; Liwarska-Bizukojc et al., 2015).

3.2. Phase diagrams and NRTL correlation

The liquid-liquid equilibrium data for the ternary systems linalyl
acetate + linalool + [Comim][OAc] and limonene + linalyl acetate +
[Comim][OAc], at 298.2 K and atmospheric pressure, are presented in
Tables 2 and 3. To assess the extraction performance of [Comim][OAc],
these tables also report the solute distribution ratio, p, and selectivity, S,
calculated from the experimental liquid-liquid equilibrium data. The
solute distribution ratio § and the selectivity S are defined as:

xtract
b= x% ()
13

xﬁma“ x;%aﬁinate

e ®)
o affinat tract
xfa inate ijx ac

where x represents the mole fraction; subscripts i and j represent the
solute and the carrier, respectively; and superscripts indicate the phase
(Raffinate or organic-rich, and Extract or ionic liquid-rich).

In order to obtain a thermodynamic model able to adequately
describe the liquid-liquid equilibrium behaviour of the deterpenation
process, the obtained data together with literature data for the liquid-
-liquid equilibrium of the ternary system limonene + linalool +
[Comim][OAc] (Lago et al., 2014) were simultaneously correlated using
the methodology commented in Section 2.4. The corresponding binary
interaction parameters are presented in Table 4 for the NRTL model
using a non-randomness parameter a = 0.30 (which provides a better fit
than ¢ = 0.10 or 0.20). The residual function F, as calculated by

Table 2

Composition of the experimental tie-line ends, solute distribution ratio (), and
selectivity (S) for the ternary system linalyl acetate (1) + linalool (2) + [Comim]
[OAc] (3) at 298.2 K and atmospheric pressure.

Ionic liquid-rich phase Organic-rich phase

(%]

X1 X2 X3 X1 X2 X3 P2

0.045 0.000 0.955 1.000 0.000 0.000 - -

0.059 0.051 0.890 0.990 0.008 0.002 6.38 106
0.069 0.108 0.823 0.982 0.016 0.002 6.75 96.0
0.102 0.158 0.740 0.938 0.045 0.017 3.51 323
0.211 0.205 0.584 0.868 0.083 0.049 2.47 10.2
0.342 0.214 0.444 0.780 0.119 0.101 1.80 4.10
0.440 0.206 0.354 0.507 0.192 0.301 1.07 1.24

Equation (4), was 0.79, 0.65, and 0.44 for the ternary systems limonene
+ linalool + [Comim][OAc], limonene + linalyl acetate + [Comim]
[OAc], and linalyl acetate + linalool + [Comim][OAc], respectively.
Fig. 3 compares the experimental tie-lines with those calculated
using the NRTL model for all the ternary systems investigated. The
experimental tie-lines for the system limonene + linalool + [Cymim]
[OAc], taken from Lago et al. (2014), are included to show the quality of
the NRTL modelling. Inspection of the triangular phase diagrams evi-
dences a good match between the experimental and correlated sets of
tie-lines, and the suitability of the proposed model to correlate the lig-
uid-liquid equilibria of the investigated systems. An accurate correla-
tion of the experimental data is important to facilitate their
computational treatment, for instance, in process simulation software.
Fig. 3a and Fig. 3b show that the ternary systems limonene -+ linalool +
[Comim][OAc] and linalyl acetate + linalool + [Coymim][OAc]

Table 3

Composition of the experimental tie-line ends, solute distribution ratio (), and
selectivity (S) for the ternary system limonene (1) + linalyl acetate (2) +
[Comim][OAc] (3) at 298.2 K and atmospheric pressure.

Ionic liquid-rich phase Organic-rich phase

(%)

X1 X2 X3 X1 X2 X3 i

0.000 0.042 0.958 0.000 1.000 0.000 - -

0.006 0.025 0.969 0.203 0.797 0.000 0.031 1.06
0.017 0.022 0.961 0.360 0.640 0.000 0.034 0.73
0.018 0.019 0.963 0.517 0.483 0.000 0.039 1.13
0.022 0.016 0.962 0.586 0.414 0.000 0.039 1.03
0.037 0.010 0.953 0.782 0.218 0.000 0.046 0.97
0.052 0.004 0.944 0.899 0.101 0.000 0.040 0.68
0.058 0.000 0.942 1.000 0.000 0.000 - -

Table 4

Binary interaction parameters (Agy, Agj;) from the correlation of the LLE of the
ternary subsystems showing immiscibility in the quaternary system limonene +
linalool -+ linalyl acetate + [Comim][OAc], at 298.2 K and atmospheric pressure,
using the NRTL model with a = 0.30.

Components Binary interaction parameters (Jemol ')
i j Ag; Agji

Limonene Linalool 4150.5 —551.62

Limonene [Comim][OAc] 9691.6 6411.4

Limonene Linalyl acetate 111.23 122.97

Linalool [Comim][OAc] —4996.3 —30.687

Linalool Linalyl acetate 3549.5 —2659.3

[Comim][OAc] Linalyl acetate 6033.8 8258.6
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Fig. 3. Triangular diagrams with the experimental liquid-liquid equilibrium
tie-lines (black solid symbols, black solid lines), and their corresponding
correlated tie-lines (blue open symbols, blue dashed lines) obtained through the
NRTL model (@ = 0.30), for the systems (a) limonene -+ linalool + [Comim]
[OAc] (Lago et al., 2014), (b) linalyl acetate + linalool + [Comim][OAc], and
(c) limonene + linalyl acetate + [Comim][OAc], at 298.2 K and atmo-
spheric pressure.
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correspond to Type I, according to the classification proposed by Treybal
(1980): only one immiscible pair is present (limonene/ionic liquid and
linalyl acetate/ionic liquid, respectively). On the other hand, Fig. 3c
shows that the ternary system limonene + linalyl acetate + [Comim]
[OAc] corresponds to Type II in the above mentioned classification: two
immiscible pairs, limonene/ionic liquid and linalyl acetate/ionic liquid.
The ionic liquid [Comim][OAc] clearly shows more affinity for linalool
than for limonene and linalyl acetate, due to hydrogen bond interactions
between the anion and the hydroxyl group of linalool. Fig. 3 also shows
that the solubility of the ionic liquid [Comim][OAc] in the raffinate
(organic-rich phase) is very low or negligible. Due to its very low affinity
for limonene, there will be negligible loss of ionic liquid in the raffinate
stream, which is desirable.

Fig. 4 presents the solute distribution ratio p and selectivity S as a
function of solute composition in organic phase (raffinate) for the
ternary systems. The available literature data for limonene + linalool +
[Comim][OAc] (Lago et al., 2014) in Fig. 4a show good linalool distri-
bution ratios and selectivity. Nonetheless, the results in Fig. 4b and
Fig. 4c show poor distribution and selectivity for linalyl acetate
extraction compared to linalool. These results are in good agreement
with those of the partitioning experiments, which showed that linalool
has high partition coefficients while geranyl acetate (a constitutional
isomer of linalyl acetate) has much lower partition coefficient.
Comparing with previous results in the literature for the specific case of
deterpenation of bergamot essential oil, the linalool distribution ratios
reported herein are much higher (typically by 1-2 orders of magnitude)
than the ones reported by Koshima et al. (2014) using a water—ethanol
mixture as solvent.

The ternary diagrams presented in Fig. 3 can be reinterpreted as
ternary subsystems of the quaternary system limonene + linalool +
linalyl acetate + [Comim][OAc], represented in Fig. 5 as the two-
dimensional development of a three-dimensional tetrahedron in which
each of the four vertices would represent one of the components. The
slopes of tie-lines indicate that, thermodynamically, a strong partition-
ing of linalool towards the ionic liquid-rich phase (extract) is favoured,
while limonene and linalyl acetate tend to remain in their own phase
(raffinate) with a limited transfer to the ionic liquid-rich phase. Thus,
the entire recovery of the fraction of oxygenated compounds in the BEO
would not be possible with this ionic liquid; however, the extraction
process proposed herein would be able to produce a deterpenated oil
highly enriched in linalool. It may also open the door to a two-stage
fractionated separation of all three major components in BEO,
although in this context an adequate strategy to perform the separation
of linalyl acetate and limonene would be needed. Kondo et al. (2002)
tried to perform this separation using supercritical CO2, but found that
the simultaneous optimisation of selectivity and yield was difficult. The
use of alternative solvents in liquid-liquid extraction at mild tempera-
ture and pressure conditions remains unexplored, and may be the
appealing object of future research.

3.3. Process simulation

The simulation of the deterpenation process of BEO by liquid-liquid
extraction using [Comim][OAc] as solvent was performed following the
scheme shown in Fig. 1, applying the NRTL parameters previously
determined from experimental equilibrium data. The number of stages
(N) in the extraction column was varied from 2 to 5, while the sol-
vent-to-feed mass ratio (S/F) was adjusted from 0.3 up to 2.0. Fig. 6a-c
shows the main results in terms of the behaviour of the oxygenated
terpenoids (linalool + linalyl acetate), together with a more detailed
analysis of the specific behaviour of linalyl acetate. Additional repre-
sentation of simulations results is provided in the Supplementary
Information (Figs. S2 and S3). A first inspection of Fig. 6a-c indicates
that N has little effect on the extraction process, with negligible im-
provements when increased from 2 to 5 stages for any given S/F ratio. In
contrast, for a fixed number of stages, increasing the S/F ratio has a
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Fig. 5. Development of the tetrahedron representing the experimental liquid-
-liquid equilibrium tie-lines for the constituent ternary subsystems of the
quaternary system limonene + linalool + linalyl acetate + [Comim][OAc] at

298.2 K and atmospheric pressure.

significant effect on the evaluated variables. Fig. 6a shows the fraction of
oxygenated terpenoids (linalool + linalyl acetate) in the extract,
expressed on a solvent-free basis (linalool + linalyl acetate + limonene).
As observed, higher S/F ratios lead to higher concentrations of the ox-
ygenates in the extract, although this effect becomes less pronounced
beyond S/F ~ 1, where a plateau is reached, with a solvent-free fraction
of oxygenates of approximately 0.76. Fig. 6b presents the fraction of
initial oxygenated terpenoids recovered in the extract. Interestingly,
despite the increase in oxygenates in the extract product (Fig. 6a), the

overall recovery of oxygenates decreases as S/F is increased. This
behaviour arises from the different behaviour of the two oxygenated
compounds: increasing S/F enhances the extraction of linalool but
simultaneously decreases the extraction of linalyl acetate, resulting in a
net reduction in total oxygenate recovery. This trend is further illus-
trated in Fig. 6¢ and Fig. 6d, which show how the initial linalyl acetate in
the feed is distributed between the extract (Fig. 6¢, recovery) and the
raffinate (Fig. 6d, retention). As the S/F ratio increases, the ester
terpenoid is progressively shifted towards the raffinate stream. There-
fore, an optimal compromise must be reached between maximising the
total extraction of oxygenated terpenoids (linalool + linalyl acetate) and
minimising the loss of linalyl acetate to the raffinate. Economic con-
siderations related to the relative value of linalyl acetate within the
product composition should be also taken into account. Even so,
increasing S/F from 0.3 to 1 leads to a marked improvement in the purity
of the deterpenated BEO (Fig. 6a). This enhancement arises because
higher S/F ratios increase the driving force for mass transfer by
providing a larger number of solvent molecules capable of interacting
with and solvating the oxygenated terpenoids. Overall, an S/F ratio of 1
appears to provide a suitable balance, considering that it marks the
approximate threshold to reach the plateau of maximum purity, while
still providing acceptable yield for the recovery of the oxygenated
compounds. This modest yield is lower than the recovery of oxygenates
of approximately 85% reported by Fang et al. (2004); but they could
only reach this value by a combination of vacuum distillation and su-
percritical CO, extraction, which would involve much higher capital
investment and a higher operational complexity, as compared to the
approach based on liquid-liquid extraction at atmospheric pressure and
near-ambient temperature that is proposed herein. With just supercrit-
ical CO4 in countercurrent extraction, Poiana et al. (2003) achieved
slightly lower recovery yields, but noted that high purity is difficult to
maintain consistently.

The above-described behaviour can be rationalised based on the
distinct molecular interactions that each compound establishes with the
ionic liquid. The ionic liquid [Comim][OAc] exhibits strong
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Fig. 6. Simulation results for BEO deterpenation: (a) fraction of oxygenated terpenoids in the extract in solvent-free basis; (b) recovery of oxygenated terpenoids
(yield); (c) recovery of linalyl acetate in the extract; (d) retention of linalyl acetate in the raffinate.

hydrogen-bond basicity due to the acetate anion. Linalool, which pos-
sesses a free hydroxyl group and is more polar than both limonene and
linalyl acetate, can form hydrogen bonds with the acetate anion, which
facilitates its preferential transfer to the IL-rich phase. As S/F increases,
additional solvent molecules become available, enhancing these in-
teractions and promoting further extraction of linalool. In contrast,
limonene is a non-polar monoterpene hydrocarbon, and linalyl acetate
is an ester with relatively low polarity and no hydrogen-bond donor
functionality. Neither of these molecules can interact strongly with
[Comim][OAc] through hydrogen bonding or other polar-polar in-
teractions. Consequently, both compounds exhibit weak affinity for the
IL-rich phase and tend to remain in the raffinate stream, particularly as
the amount of solvent increases. Similar trends have been reported in
previous studies (Ganem et al., 2020b; Lago et al., 2011, 2014; Vilas-
Boas et al., 2024), which demonstrate that imidazolium-based acetate
ionic liquids preferentially extract more polar terpenoids, such as
linalool, due to their strong hydrogen-bond accepting character. These
interaction mechanisms are consistent with findings in other ionic lig-
uid-based extraction systems, where the presence of hydrogen-bond
donor groups in target molecules governs their affinity for the ionic
liquid phase (Ventura et al., 2017).

3.4. Experimental fractionation of BEO and validation through process
simulation

Experimental extraction tests were carried out using both synthetic
and commercial BEO to characterise the selective behaviour of the ionic
liquid [Comim][OAc] under single-stage conditions. These experiments
provided direct measurements of the distribution of limonene, linalyl
acetate, and linalool between the raffinate and extract phases, enabling
the assessment of the intrinsic selectivity of the solvent and the influence
of the solvent-to-feed ratio (S/F). The results obtained for the different
S/F conditions are summarised in Fig. 7. The experimental observations
clearly show that linalool, the most polar of the components, preferen-
tially partitions into the ionic liquid-rich phase, whereas limonene and
linalyl acetate remain largely in the raffinate. Increasing the S/F ratio
results in a moderate but systematic enhancement in the removal of
linalool, reflected in its lower mass fraction in the raffinate stream. This
behaviour is fully consistent with the phase equilibrium trends deter-
mined experimentally (Fig. 5) and with previous studies on the deter-
penation of essential oils using polar solvents (Ganem et al., 2020a; Lago
et al., 2011, 2014, Vilas-Boas et al., 2024).

To evaluate whether the experimentally observed behaviour is
correctly predicted by the process model, the results were compared
with Aspen Plus® simulations. For this purpose, simulations with N = 2
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stages were selected to approximate the equilibrium conditions of the
single-stage extraction experiments. As shown in Fig. 7, the simulated
compositions agree closely with the experimental values for both syn-
thetic and commercial BEO, despite small differences in feed composi-
tion and number of stages. This agreement confirms that the NRTL
model, parametrised using the experimentally correlated ternary dia-
grams, provides a reliable description of the phase behaviour of the
quaternary system (Fig. 5) and can therefore be used confidently for
process design and optimisation. Moreover, the experimental data are
consistent with previous observations reported in the literature, in
which higher solvent ratios (S/F) improve the extraction efficiency of
linalool (lower concentration in raffinate) (Ganem et al., 2020a; Lago
et al., 2011, 2014; Vilas-Boas et al., 2024).

This selective partitioning once again reflects the significantly higher

limonene,

affinity of linalool for the ionic liquid phase, as expected from its mo-
lecular polarity and hydrogen-bonding capability. The experimentally
identified behaviour supports the feasibility of developing a multi-stage
deterpenation strategy for the integral fractionation of BEO. In such a
scheme, [Comim][OAc] would be an excellent candidate for the first
extraction stage, selectively removing linalool from the mixture. The
resulting raffinate, enriched in limonene and linalyl acetate, could then
be subjected to a second separation stage, in which an alternative sol-
vent would be required to achieve the selective extraction of linalyl
acetate from limonene. Designing such a step could enable the produc-
tion of tailored terpenoid fractions, allowing the composition of the oil
to be adjusted to optimise its physicochemical, sensory, or functional
properties depending on the target application.



A. Zambom et al.

4. Conclusions

In this work, partition coefficients were initially measured, showing
that polar terpenoids, particularly alcohols and aldehydes, are strongly
extracted by 1-alkyl-3-methylimidazolium acetate ionic liquids, whereas
ester terpenoids behave similarly to non-polar terpenes and exhibit poor
extractability. These trends were confirmed by experimental LLE data
for ternary systems involving major components of the bergamot
essential oil (limonene, linalool, linalyl acetate) and the ionic liquid
[Comim][OAc]. These LLE data confirmed that linalool partitions pref-
erentially into the [Comim][OAc]-rich phase, while linalyl acetate
largely remains with limonene, showing how extraction performance is
governed by molecular functionality. The simultaneous NRTL correla-
tion of all ternary LLE data led to a consistent thermodynamic model
capable of describing the phase behaviour of the corresponding qua-
ternary system (limonene + linalool + linalyl acetate + [Comim][OAc]).
This step was key for the reliable process simulation studies carried out
using the software Aspen Plus®. The continuous process simulations of
the bergamot essential oil deterpenation with [Comim][OAc] demon-
strated that optimal separation is achieved at an S/F ratio of 1 and a two-
stage extraction column, ensuring the highest purity of the deterpenated
oil and the greatest recovery of linalool in the extract phase. Experi-
mental single-stage extractions were tested using a synthetic and a
commercial bergamot essential oil. The extraction experiments and the
simulations show good mutual agreement, which highlights the
importance of reliable thermodynamic modelling, with meaningful
model parameters across the entire compositional region of interest.
Overall, the findings demonstrate the intrinsic complexity of essential
oil deterpenation and reaffirm that robust, physically consistent ther-
modynamic models are essential for reliable and predictive process
simulation. The separation of linalyl acetate from limonene remains a
key challenge to be addressed, as well as the investigation of the vapour-
liquid equilibrium in the studied system to properly conceive the solvent
recovery units. Further scale-up challenges towards industrialisation
would include the analysis of mass transfer kinetics, as well as the long-
term stability and recyclability of the ionic liquid.
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